Background {#Sec1}
==========

In human-mediated introductions, exotic species are predicted to suffer from reductions in genetic diversity relative to their parental population during population founding events, reducing adaptive potential, and thus often leading to failed establishment in new areas \[[@CR1]\]. One common way for aiding establishment success of an introduced species is to cross genetically differentiated populations (i.e. population admixture) \[[@CR2]\]. Currently, an increasing number of studies document establishment of exotic species resulting from population admixture; these include plants \[[@CR3]\], mussels \[[@CR4]\], fishes \[[@CR5]\], lizards \[[@CR6]\], fruit flies \[[@CR7]\] and ladybirds \[[@CR8]\].

Population admixture is not necessarily beneficial across a broad spectrum of ecological contexts due to its different outcomes \[[@CR2], [@CR9]\]. On one hand, it can increase genetic diversity, create new genotypes and mask recessive deleterious mutations \[[@CR10]\]. On the other, it may reduce mating success of parents (prezygotic isolation) and disrupt local adaptation \[[@CR10]\]. Moreover, most studies dealing with population admixture have aimed at detecting multiple source populations from neutral genetic markers (e.g. microsatellite markers), but this method does not allow to ascertain whether population admixture occurred before or after the introduction, and whether population admixture benefits establishment \[[@CR8]\]. In fact, some recent studies suggest that the importance of population admixture in determining establishment success has been overemphasized because non-admixed populations can perform as good as admixed populations \[[@CR11], [@CR12]\]. Other factors like propagule pressure can also increase fitness of introduced populations \[[@CR13]\]. Therefore, it remains unclear how important population admixture is as a driver of establishment success.

Biological control involves the introduction ("classical biological control") or augmentative release ("augmentation biological control") of a natural enemy species for the control of a pest. When the natural enemy is not native to the area of release and multiple releases are done in the same or adjacent areas based on different populations in a classical biological control context, this may provide opportunities for population admixture. Based on genetic markers, population admixture events have been found in some field-released biological control agents, including the predatory ladybirds *Hippodamia convergens* \[[@CR14]\] and *Harmonia axyridis* \[[@CR8]\], and the parasitoid wasp *Trioxys pallidus* \[[@CR15]\]. Further laboratory tests showed that population admixture enhanced fitness of certain biological control agents like *H. axyridis* \[[@CR16], [@CR17]\] and *Longitarsus jacobaeae* \[[@CR18]\].

Here, we study another predatory ladybird, *Cryptolaemus montrouzieri* Mulsant (Coleoptera, Coccinellidae), which is native to Australia and has been introduced into at least 64 countries or regions for over 100 years for the control of mealybug pests \[[@CR19]\]. In China, *C. montrouzieri* has been used in classical biological control programs for more than 60 years \[[@CR20]\], but these programs seldom succeeded \[[@CR21]\] and few populations could be found in wild. In previous studies on the genetic profile of populations used for biological control in China, we detected a strong genetic differentiation between the populations from the two main research institutes involved in this biological control program using microsatellite markers \[[@CR22]\]. Based on Bayesian cluster analysis, we also predicted that a wild population collected from Guangdong, China, was probably derived from an admixture of these two laboratory populations \[[@CR22]\], while no such admixture event was detected for other wild or lab-reared populations. From the above evidence, we proposed that population admixture of *C. montrouzieri* was caused by multiple introductions for biological control purposes, and we hypothesized that the admixed population of this ladybird had a higher fitness and potential for establishment than its parental populations. To test this hypothesis, we performed a population admixture experiment involving *C. montrouzieri* under laboratory conditions and evaluated the role of population admixture for fitness changes. We first assessed whether there was mating barrier that could prevent successful crosses between the two divergent Chinese populations mentioned above. Then, we estimated several life history traits of these two populations as well as of their admixed offspring. Lastly, we tested their performance under cold and hunger stress which they are expected to suffer upon release.

Methods {#Sec2}
=======

Insect culture {#Sec3}
--------------

The two populations of *C. montrouzieri* used in the present study were maintained in the laboratories of Sun Yat-sen University (YY) and South China Agricultural University (CC) for over 10 years. Before the study, the populations were cultured under the same conditions for at least three generations. The ladybirds were fed on citrus mealybugs, *Planococcus citri* (Risso), which were reared on fruits of pumpkin, *Cucurbita moschata*. All insects and plants were kept in climate chambers at 25 ± 1 °C, a 50% relative humidity (RH), and a 14:10 (L:D) h photoperiod.

Mating frequency {#Sec4}
----------------

Experiments were conducted to determine whether females or males mated more or less with a genetically related versus distinct conspecific. Sexually mature and virgin females and males (\> 5 days after emergence) were placed into two separate cages for 24 h. To distinguish between YY and CC individuals, the pronotum of each individual was marked using a marker pen. Then, one female and two males (YY♀ / YY♂ / CC♂ and CC♀ / YY♂ / CC♂) or one male and two females (YY♂ / YY♀ / CC♀ and CC♂ / YY♀ / CC♀) were placed in a Petri dish (diameter 10 cm, height 2 cm) with no food or water, and were given 3 h to allow multiple matings. Any mating event that took longer than 1 min was counted, and then the mating frequency was calculated. Circa 20 replicates were set up for each treatment. The percentages of replicates in which one or more mating events between YY and CC adults took place were calculated.

Preparation of admixed populations {#Sec5}
----------------------------------

Adults of CC♀ / YY♂ and YY♀ / CC♂ (\> 30 pairs for both) were placed in Petri dishes (diameter 10 cm, height 2 cm), and initiated the first generations of admixed populations CC♀ × YY♂ (CYF~1~) and YY♀ × CC♂ (YCF~1~). Adults of the two admixed F~1~-generations mated randomly within populations (CYF~1~♀ × CYF~1~♂ and YCF~1~♀ × YCF~1~♂) thus initiating several subsequent generations (YCF~n~ and CYF~n~).

To test the effect of population admixture on fitness changes, we compared the life history traits and hunger and cold tolerance of the admixed populations and their parental populations. We tested the performance of both admixed F~1~ and F~2~ populations, as population admixture often leads to a phenotypic breakdown in the F~2~ generation as a result of recombination disrupting co-adapted gene complexes or meiotic problems \[[@CR23]\]. We also tested the admixed F~8~ populations for understanding the long-term consequences of population admixture.

Life history traits {#Sec6}
-------------------

Several life history traits of the two parental (YY and CC) and six admixed (CYF~1~, YCF~1~, CYF~2~, YCF~2,~ CYF~8~ and YCF~8~) populations were investigated. About 60 third-instar larvae randomly collected within each population were placed individually in Petri dishes (diameter 4 cm, height 2 cm), and their development times from 4th instar to adult were measured. Newly emerged adults were sexed and weighed using an electronic balance (Sartorius BSA124S, Germany, ± 0.1 mg). Fecundity of ca. 30 newly emerged female / male pairs of each population was monitored. The number of deposited eggs of each pair was checked every 3 days for a total of 18 days. Larvae and adults of *C. montrouzieri* used in these experiments were provided with an ad libitum supply of citrus mealybugs.

Hunger and cold tolerance {#Sec7}
-------------------------

To estimate the lifespan of adults under conditions of starvation, about 30 adults (\< 10 days after emergence) of each sex / population were randomly collected and placed individually (in order to prevent cannibalism) in a Petri dish (diameter 4 cm, height 2 cm) with no food or water. Their survival was checked every day and lethal times were calculated.

To estimate the survival rate of adults at low temperature, nine Petri dishes (diameter 10 cm, height 2 cm) containing ten adults (\< 10 days after emergence) of each sex/population were placed in an incubator at 4 °C, which is the lowest average temperature in the winters of southern China. Throughout the cold exposure, the insects were kept in darkness and RH was not controlled. One Petri dish (of each sex/population) was taken from the incubator every day from the second to tenth day, and transferred back to 25 °C. Survival of the adults was determined after 24 h and lethal times were calculated.

Statistics {#Sec8}
----------

Data on mating frequency, developmental time, number of deposited eggs, body weight and food consumption of females and males were first tested for normality and homogeneity of variances by a Kolmogorov-Smirnov test and Levene test, respectively. We used one-way analysis of variance (ANOVA) followed by Tukey tests to evaluate differences in body weight and food consumption of females and males. The developmental time and number of deposited eggs were tested using a Kruskal-Wallis test followed by a Steel-Dwass test due to the lack of normal distribution of the data. The significance level of all tests was set at *p* ≤ 0.05. The results from the lethal time experiments were analyzed using probit analysis in order to estimate the time required to kill 50% and 90% of the population (LTime~50~ and LTime~90~) at starvation or a temperature of 4 °C. Significant differences were identified by non-overlapping 95% fiducial limits. All analyses were performed using SPSS 21 (IBM SPSS Statistical, Chicago, USA) and R (R Development Core Team 2011).

Results {#Sec9}
=======

Mating frequency {#Sec10}
----------------

The observed mating frequency of each replicate ranged from 0 to 11 matings over a 3-h period, with an average of 2.23. Mating percentages in the four treatment groups (Fig. [1](#Fig1){ref-type="fig"}) showed more self-breeding in YY♀ / YY♂ / CC♂ but more cross-breeding in CC♀ / YY♂ / CC♂. For the other two treatments, both YY and CC showed similar mating percentages ranging from 60% to 70%. Overall, our results suggest that there is no mating barrier or strong bias between the YY and CC populations.Fig. 1Percentages of replicates in which YY (grey) and CC (white) mated in the YY♀ / YY♂ / CC♂ (YY female), CC♀ / YY♂ / CC♂ (CC female), YY♂ / YY♀ / CC♀ (YY male) and CC♂ / YY♀ / CC♀ (CC male) treatments

Fitness comparison between two parental populations {#Sec11}
---------------------------------------------------

Four life history traits of the eight tested populations are reported in Fig. [2](#Fig2){ref-type="fig"}. Differences between the two parental populations were detected for development time and food consumption of females, with CC individuals developing faster (*p* = 0.0055, Steel-Dwass test) than those of YY. In addition, YY laid more eggs than CC but the difference was not statistically significant (*p* = 0.698, Steel-Dwass test).Fig. 2Life history traits of parental and admixed populations including **a** development time from 4th instar to adult, **b** number of deposited eggs in 18 days, fresh weight of newly emerged **c** female and **d** male adults, and. Bars (means ± SE) with the same letter are not significantly different (*p* \> 0.05)

The LTime~50~ and LTime~90~ values under starvation and low temperature conditions are shown in Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, respectively. Here, we detected significantly different performances between the two parental populations. Starved CC adults of both sexes always lived longer than those of YY, whereas YY individuals performed better under cold stress than those of CC, based on non-overlapping fiducial limits of both LTime~50~ and LTime~90~.Fig. 3Lethal times for 50% and 90% mortality (LTime~50~ and LTime~90~) and their 95% fiducial limits of females and males from eight populations when exposed to starvationFig. 4Lethal times for 50% and 90% mortality (LTime~50~ and LTime~90~) and their 95% fiducial limits of females and males from eight populations when exposed to a temperature of 4 °C

Fitness comparison between admixed and parental populations {#Sec12}
-----------------------------------------------------------

The performances of admixed and parental populations were not always significantly different. For example, the development time of both population CYF~1~ and YCF~1~ was not significantly different from that of CC (*p* = 0.366 and 0.994, Steel-Dwass test). Also, CY and YC populations performed differently for certain parameters. For example, the CYF~2~ population was significantly different from YCF~2~ in terms of its development time (*p* \< 0.001, Steel-Dwass test). Further, population admixture did not have significant effects on adult weight.

Among the tested traits, the population admixture had the most marked effect on the number of deposited eggs. From F~2~ to F~8~, CYF~2~ laid the lowest number of eggs among the admixed populations but this was still significantly higher than that in the CC population (*p* = 0.004, Steel-Dwass test). We found that admixed F~8~ populations laid significantly more eggs than and at least twice as much as the admixed F~1~, F~2~ and the parental populations (CYF~8~ vs YCF~1~: *p* \< 0.001; YCF~8~ vs YCF~1~: *p* \< 0.001, Steel-Dwass test).

For hunger tolerance, individuals of the admixed populations usually lived longer than those of the parental population YY, and longer than or as long as those of population CC, as indicated by the fiducial limits of both LTime~50~ and LTime~90~ values for females and males (except for YCF~1~ males and CYF~2~ females). For cold tolerance, female and male adults of all admixed populations lived significantly longer than those of the parental population CC, based on both LTime~50~ and LTime~90~ values.

Discussion {#Sec13}
==========

Laboratory evidence of population admixture {#Sec14}
-------------------------------------------

Our results meet several criteria for population admixture to play a role in establishment success \[[@CR24]\]. First, we found that the two parental populations reared at two research institutes are significantly differentiated not only in terms of genotypes but also phenotypes. Second, there was no mating barrier, or even no apparent mating bias between the populations involved. The potential sperm competition with multiple mating was not tested in this study, but we consider that over their lifetime (ca. 3 months) *C. montrouzieri* adults of the two populations should have plenty of opportunity to generate admixed individuals under field conditions. Third, we found that in phenotypes characterized by development time, reproduction and stress tolerances, admixed populations can perform better than at least one of their parental populations. Below, we will discuss how the first and third criteria for population admixture may lead to establishment success in *C. montrouzieri*.

Phenotypic differentiation among two genetically divergent populations {#Sec15}
----------------------------------------------------------------------

Differentiation among populations of biological control agents can be caused by drift (neutral process) and selection (non-neutral process) \[[@CR25], [@CR26]\]. Previously, we found that the populations YY and CC, as well as several other populations of *C. montrouzieri* from different parts of the world, were strongly differentiated genetically when using neutral genetic markers \[[@CR22]\]. Also, we detected signals of episodic positive selection in their mitochondrial genomes \[[@CR27]\]. Such rapid evolutionary process possibly leads to changes of several key traits that are under selection without reproductive isolation \[[@CR28]\]. In this study, we detected that two genetically divergent but crossable populations, YY and CC, had certain significantly different phenotypes. Compared to YY, population CC had a shorter larval development time and longer survival time under starvation conditions but not at low temperature. The observed differences in phenotypic and genotypic traits of the different populations of *C. montrouzieri* used in biological control programs suggest that events of population admixture could possibly happen under multiple introductions.

Heterosis and potential establishment success {#Sec16}
---------------------------------------------

The findings of our study indicate heterosis (vigor of population admixture) when simulating a probable event of population admixture of *C. montrouzieri* under laboratory conditions. In general, we found that admixed populations performed better than, or as well as, their parental populations for the tested traits. Moreover, with the exception of developmental time these superior traits of admixed populations were inherited from one of the parental populations (high reproductive ability and cold tolerance from YY, and hunger tolerance from CC) and could be long-term sustained.

The two parental populations involved in this study have throughout their laboratory rearing history been provided with ad libitum food and were continuously maintained under summer conditions (23 - 27 °C, long days). Therefore, they might have undergone less strong selective constraints resulting in the decline of hunger and cold tolerance. In contrast, the selective constraints these populations may have undergone after biological control releases are expected to be stronger. In a so-called "classical" biological control program, biological control agents are released with the objective of establishing populations for long-term control \[[@CR29]\]. Establishment is thus a first and necessary step towards the success of such a biological control program. Cold tolerance is a critically important factor determining establishment success in cold or temperate areas. As *C. montrouzieri* originates from (sub)tropical regions \[[@CR30]\], it is not expected to survive winters in colder climates \[[@CR31]\]. Further, particularly when the natural enemy is more of a specialist feeder, like *C. montrouzieri,* it may not find sufficient prey or hosts after having been released in the field, hence the requirement for some level of starvation tolerance. Thus, the admixed populations in our study which performed better in terms of their reproduction and their ability to withstand hunger and cold stresses should have a higher potential of establishment success after biological control releases as compared with their parental populations. However, the data from our short-term laboratory studies do have limitations in predicting the long-term dynamics in field environments. Thus, further long-term experiments under field realistic conditions are recommended, considering the effects of amongst others multiple mating, prevailing climatic conditions and food availability, to improve our understanding of the effects of population admixture on the establishment potential of this and other biological control agents.

Conclusions {#Sec17}
===========

In this study, we found that population admixture, which probably had also happened in field, increased fitness of an introduced biological control agent under laboratory conditions. Despite the limitations of the present laboratory study, our findings may have some implications for biological control applications. On the positive side, breeding techniques based on the intra-specific variation within a beneficial species are a new option for improvement of biological control agents \[[@CR32]\]. Further, long-term laboratory-reared populations may be prone to loss of genetic diversity and inbreeding depression. Population admixture can increase genetic diversity and mask or purge recessive traits and may thus provide a fast avenue to breeding effective agents. On the other hand, there is growing concern about the environmental safety of biological control, particularly when non-indigenous natural enemies are being released \[[@CR29]\]. Introductions of biological control agents with a high risk profile may lead them to become invasive \[[@CR29], [@CR33]\]. Such risk of increased invasiveness may be an unexpected outcome of population admixture \[[@CR8]\]. To prevent potential invasiveness of non-indigenous biological control agents, invasive traits like wide, non-target food ranges \[[@CR34]\] and strong dispersal ability \[[@CR35]\] of admixed populations should be considered before release.
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